Gas Chromatography (GC) is routinely used in the laboratory to temporally separate chemical mixtures into their constituent components for improved chemical identification. This paper will provide a overview of more than twenty years of development of one-dimensional field-portable micro GC systems, highlighting key experimental results that illustrate how a reduction in false alarm rate (FAR) is achieved in real-world environments. Significantly, we will also present recent results on a micro two-dimensional GC (micro GCxGC) technology. This ultra-small system consists of microfabricated columns, NanoElectroMechanical System (NEMS) cantilever resonators for detection, and a valve-based stop-flow modulator. The separation of a 29-component polar mixture in less than 7 seconds is demonstrated along with peak widths in the second dimension ranging from 10-60 ms. For this system, a peak capacity of just over 300 was calculated for separation in about 6 s. This work has important implications for field detection, to drastically reduce FAR and significantly improve chemical selectivity and identification. This separation performance was demonstrated with the NEMS resonator and bench scale FID. But other detectors, suitably fast and sensitive can work as well. Recent research has shown that the identification power of GCxGC-FID can match that of GC-MS. This result indicates a path to improved size, weight, power, and performance in micro GCxGC systems outfitted with relatively non-specific, lightweight detectors. We will briefly discuss the performance of possible options, such as the pulsed discharge helium ionization detector (PDHID) and miniature correlation ion mobility spectrometer (mini-CIMS).
, the field of micromachined or microelectromechanical systems (MEMS) gas chromatography (GC) is still evolving and growing. While there have been many groups in the field since then; 20 years ago Sandia National Laboratories began investing heavily in developing low size, weight and power (SWaP) MEMS technology for the use in portable systems to provide rapid, low false alarm rate (FAR) detection of chemical weapons for military and homeland security applications. 2, 3 The core principal is to share the burden of selectivity between the three primary analytical components (preconcentration, separation, and detection). Figure 1 shows a schematic of how this concept works, especially for the first generation of systems. The MEMS preconcentrator is coated with a thin highly polar film that rejects non-polar interferants which are exhausted to vent. The preconcentrator is rapidly heated to generate a sharp injection pulse. This injection bolus is swept by carrier gas onto the separation column where analytes are separated by boiling point typically but may also be separated by different chemical affinities, i.e. hydrogen-bond affinity, pi-pi interactions, etc. The separation column introduces the eluting compounds as discrete bands to the detector, thus reducing the number of compounds the detector sees at any given time. The detector is coated with a film that has a high Lewis acid-base interactions affinity, i.e. phosphorous and nitrogen containing compounds and to a lesser extent sulfur and oxygen. By sharing the burden of selectivity, the performance of any individual component does not have to compare to commercial benchtop instruments for the ensemble to achieve very low false alarm rates (FAR). This technology and concept were named µChemLab™ and have since formed the basis for Sandia's chemical sensing technology development. Figure 1 . Schematic illustrating the shared burden of selectivity for minimizing false alarms in a µChemLab™ system. First, nonpolar compounds are excluded from preconcentration by a selective film. Next the polar analytes are separated on a short MEMS GC column to minimize the number of coelutions presented to the detector. Last, a phosphonate selective film on the detector minimizes detector response to anything that does not contain nitrogen, phosphorus, or sulfur.
The use of silicon microfabrication enables the reduction of size and weight of many components of analytical systems, and this has allowed the significant rise in commercial portable systems. The growth of commercial, small portable GCmass spectrometry (MS) systems has largely led this field. However, as the systems have gotten smaller, the fundamental limits of vacuum pumping capability have resulted in trade-space compromises. While the ion trap-based mass-filters see an increase in operating pressure capability as the trap volume decreases, thus enabling higher operating pressures, all the charge amplification systems still require very low pressures to operate, thus systems that choose to use higher operating pressures reducing the pumping demand are left with Faraday cup detectors similar to those used in IMS systems. This results in either optimizing for SWaP at the expense of sensitivity or optimizing for sensitivity at the expense of SWaP. This can be seen in two of the popular systems on the market: the portable the Perkin Elmer/Torion system, which sacrifices SWaP by adding larger batteries and a turbo pump to achieve greater sensitivity and the 908 Devices Inc. handheld M908 which uses smaller batteries and a scroll pump to achieve greater SWaP at the expense of sensitivity. Sandia has developed microfabricated ion traps, but the µChemLab™ programs have focused on systems where decreasing SWaP results in a lower loss of analytical power. In an effort to quantify these approaches, Analytical Power (A p ) has been defined as the product of column resolution (N), detector channels (n), and detector sensitivity (D) as shown in equation 1.
A p =N·n·D
(1) Figure 2 shows estimates of the SWaP and calculated A p of several commercial systems and Sandia's first and second generation µChemLab™ systems. The first generation µChemLab™ system offered nearly 7 orders of magnitude decrease in SWaP in exchange for 4 orders of magnitude decrease in A p relative to the benchtop GC-MS, long considered to be the "gold standard" of analytical chemistry. To achieve this, the first µChemLab™ team and subsequent teams since realized the SWaP impediment of the pumping requirements for portable MS systems, and focused on approaches where microfabrication would provide improvements in performance over macro machined components. These included the microfabricated GC, preconcentrator (PC) and resonator-based detectors. The use of a micromachined PC enables lowerpower, faster heating which results in a narrower injection plug into the GC -this enhances the resolution of the separation at a fraction of the power demand. Modeling predicted microfabrication of GC columns would offer improved efficiency per unit length relative to commercial columns, with again the additional benefit of lower-power, faster heating enabling faster temperature ramps enabling faster analysis times. Resonators have a natural resonance frequency that is inversely proportional to their mass (m). When coated with a sorptive film, resonators will respond to the change in mass (Δm) from the added mass as analytes sorb into/onto the film with a decreasing in the resonance frequency. This response is proportional to the change in mass relative to its mass (Δm/m). As the mass of the resonator decreases the effective sensitivity increases. In addition, the as the resonator decreases in size the volume of the detector decreases, improving separation resolution and response time. Sandia has also focused on using chemical selectivity to minimize the number of interferants introduced into a system and the detectability of interferants by the system. The result was a low SWaP system that punches well above its weight class for a specific targeted analysis. The tradeoff is the versatility of the system, an area where hand-held and portable GC-MS systems have a significant advantage over this first generation µChemLab™ system. 
FIRST GENERATION µCHEMLAB™
This targeted low SWaP first generation µChemLab™ system was highly amenable to monitoring applications. With low power demands, a battery-operated unit could be installed nearly anywhere including unmanned aerial vehicles (UAVs) and operate for hours or days, and a system using wall power could be installed and operated for months to years. Examples of this are shown in Figure 3 . On the top is the PRO-ACT system which was installed in the Boston subway for continuously monitoring the presence of chemical warfare agents (CWAs). The system performed over 450,000 4 analyses with autonomous operation and calibration, with no false alarms and no false negatives. Below this, in Figure 3 , is the UAV mounted SnifferSTAR 5 system which decreased the SWaP even more by eliminating the separation stage and pumps. The air impinging on the wing of the UAV was passed over the selective preconcentrator and at regular intervals the preconcentrator was heated and the captured analytes were desorbed onto the SAW detector. In this way, CWA classes could be identified and large areas (such as cities or battlefields) could be monitored in near real-time. 
SECOND GENERATION µCHEMLAB™
Over time, advances in micromachining and new ideas and technology emerged to advance the chemical sensing mission at Sandia. These included internally funded developments such as the monolithically integrated ultra-low SWaP µGC system 6, 7 and the DARPA/DTRA funded development of the microfabricated ultra-low SWaP, stop-flow comprehensive two-dimensional gas chromatograph (µGCxGC) 8, 9 . In addition, developments in other areas at Sandia, such as miniaturized positive and negative mode ion mobility spectrometers (IMS) 10, 11 for the detection of CWAs and explosives; pulsed discharge helium ionization detector (PDHID) 12, 13 for universal detection of VOCs 14 and permanent gases; and microfabricated nitrogen-phosphorus detector (NPD) for the detection of organophosphorus compounds; 15 have increased the options for detectors.
Smart Preconcentrator (SMART PC)
The second-generation Sandia SMART PC 6, 7 is an ultra-low power Lorentz force induced resonator shown in Figure 4 . It may be coated with either a selective film such as Sandia's base catalyzed sol-gel or a more generalized sorbent film such as PDMS. As analytes are collected on the film, the mass of the resonator increases, causing a drop in the resonance frequency. A base catalyzed sol-gel coated SMART PC enables real time monitoring of potential threats with very low power draws, until a potential threat is detected. This enables putting the GC in a sleep mode until sufficient analyte is collected to indicate a detection event is likely, and an alert can be given simultaneous with further analysis with the GC system to identify the threat. A drawing, optical image of the device, an SEM side view of the SMART PC with the device artificially color-enhanced in blue, and the SMART PC integrated into a Gen 1 µChemLab™ system are shown on the left of Figure 4 . On the right is a plot of analyte concentration in ppm as a function of detection time. This shows how the device can autonomously adjust its sampling time dependent on concentration, i.e. at low-to-zero concentrations, the system will be sit in monitoring mode for minutes to hours to days, until sufficient analyte was is collected to trigger a response. Alternatively, in at relatively high concentrations (hundreds of ppb), the SMART PC will trigger in milliseconds to seconds enabling efficient and effective monitoring with minimal SWaP. 
Correlated Ion Mobility Spectrometry (CIMS)
Correlated Ion Mobility Spectrometry (CIMS) is a Sandia-devised method to enhance the resolution and sensitivity of IMS by using a 13-bit Barker code to impart information in the gate drive signal of an IMS 11 . In a traditional IMS the signal enhancement achieved from averaging, assuming the signal stays constant over the N sweeps, is a √N increase in signalto-noise, but in transient systems such as one the monitoring of GC elution peaks, the signal-to-noise enhancement is limited. Signal from the detector is a convolution of the gate drive function and the drift tube function. By imparting a known drive function, the drift function can be deconvolved resulting in an enhanced signal. One such drive function is the 13-bit Barker code used by Sandia. Figure 5 below shows at the top the Barker Code, the resulting gate drive signal, the individual ion swarms introduced into the drift tube, and the sum of the ion swarms, all as a function of time. In the bottom row on the left is signal from a 2 ng sample of an explosive (PETN) without correlation, and on the right with correlation. An enhancement of the signal-to-noise ratio by >15X and the IMS peak resolution by >5X, is achieved enabling smaller, lower power drift tubes, while achieving the same or better performance as systems with greater SWaP. While traditional IMS drift tubes use stacks of insulators and metal electrodes to build, the low SWaP Sandia IMS is achieved by a rolled low-temperature co-fired ceramic (LTCC) that integrates the field electrodes, heating element and temperature sensing elements into a single tube. The smooth rolled tube eliminates crevices and imperfections in the tube walls that can result in loss of analyte or tailing of analyte packets, reducing the IMS resolution and sensitivity. The LTCC drift tube eliminates these problems enabling a shorter drift tube to achieve similar or better performance. Figure 6 shows a photograph of a Sandia-designed IMS system consisting of the LTCC drift tube with integrated electrodes and heaters and a 20 µCi Americium-241 ionization source (an ionization source similar to those found in many smoke detectors and not subject to NRC transport restrictions as a result). The total volume of the IMS is less than the volume of a soda can. By coupling this low SWaP design with the correlation IMS gate operation and backend deconvolution, the result is a system with a significantly better performance than other IMS systems of similar size as shown by the 500 pg detection of common explosives (bottom right). 
Microfabricated Stop-Flow Comprehensive Two-Dimensional Gas Chromatography (µGCxGC)
The GC×GC modulator may in general be considered as having a two-state duty cycle. The purpose of the modulator during one state of this cycle is to stop a given elution band's migration at the end of the first column, long enough for an entire second column separation to occur. In the second state of the duty cycle, the modulator must then promote band migration at the end of the first column, resulting in injection of the next sample aliquot onto the second column. The band migration velocity of the chemical component i at the modulator, u im , is given by equation (2), where u m is the linear (2) carrier gas velocity at the modulator, and k im is the retention factor of component i at the modulator. It is clear from this equation that the band migration velocity of component i can be driven toward zero by either increasing the retention factor toward infinity or by decreasing the linear carrier gas velocity to zero. Traditional thermal modulators act by modulating k im ; however, for very volatile species, including permanent gases, k typically cannot be increased sufficiently to trap the analyte on the modulator. Conversely, for chemical components of very low volatility, k can often not be decreased enough to get sharp injections onto the second column. Both volatility extremes result in losses of resolving power. By modulating the carrier gas velocity, u m , instead of the retention factor, the modulation efficiency is independent of the component volatility, thus allowing a wider range of analytes to be modulated.
By connecting the junction point between two columns to the inlet (I) of the pressure of the first column (C 1 ) with a valve (V), as shown in the top left of Figure 7 , the valve can be used to modulate u mi . When the valve is open, the junction point pressure is essentially set equal to the inlet pressure, effectively stopping the flow on the first column and increasing the flow on the second column. When the valve is closed a small amount of material elutes from the first column onto the second column. The flow rate at the junction point during this elution is relatively slow, because the total flow impedance between the inlet pressure source and the system outlet is the sum of the impedances of the first and second GC columns. When the valve opens, this material is separated on the second column. The flow rate on the second column during this condition is increased, due to the decrease in total gas flow impedance achieved by bypassing the first GC column. By modulating this valve position at a known duty cycle and by ensuring that all of the material introduced into the second column elutes and is detected before the next injection onto the second column elutes from the system, the retention time from the primary column is preserved and the retention time on the second column is preserved. The resulting chromatogram is then typically plotted as a retention plane, such as that shown in the top right of Figure 7 . This 2D chromatogram is the result of the separation of a 30-component mixture of CWA surrogates and common interferants, listed in Table 1 , on a pair of microfabricated columns shown in the bottom left of Figure 7 . The Figure 7 . (Top left) Schematic of the Sandia developed ultra-low SWaP, ultra-high-speed, stop-flow comprehensive twodimensional gas chromatograph (GCxGC) that uses pneumatic switching from an inlet pressure (I), through a very small, lowpower valve (V) to modulate sample from the first to the second column at a known frequency. When the valve is closed the pressure at the inlet pushes flow through the first column (C1) loading effluent into the second column (C2), but when the valve opens the pressure at the junction point between the columns equilibrates with the inlet pressure effectively stopping the flow on the first column and rapidly increasing the flow on the second column. The first column consists of a channel 30 µm wide by 650 µm deep and 90 cm in length, functionalized with a non-polar polydimethylsiloxane PDMS) stationary phase. The second column consists of a channel 30 µm wide by 650 µm deep and 30 cm in length, functionalized with a polar polyethylene glycol (PEG) stationary phase. The resulting retention plane has analytes separated as a function of boiling point along the x axis (increasing boiling point results in a later elution time -left to right), and as a function of hydrogen bonding along the y axis (increasing hydrogen bonding polarity results in a later elution time -bottom to top). Using this pair of columns and optimizing conditions for maximum resolution a peak capacity >300 was generated in less than 7s of total analysis time.
The microfabricated GC×GC system shown in figure 7 was integrated with the Caltech NEMS resonator, 8, 9, 16 as shown in the top of Figure 8 . The middle row left of Figure 8 shows the isothermal separation of six components, four known targets and two unknown contaminants detected by the NEMS resonator. There was no apparent additional peak broadening from the use of the NEMS resonators. The middle row right of Figure 8 shows individual second dimension slices A, B, and C corresponding to the similarly labeled lines in the middle row left chromatogram. The slices show second dimension peaks as narrow as 8 ms wide (slice A) with no discernable peak distortion due to under-sampling by the NEMS resonators. The Bottom right image of Figure 8 shows an integrated GCxGC system with the preconcentrator on top a 37-mixed passive and active MEMS valve manifold for gas handling and modulation, which forms the center body of the system with the GC columns attached on the edges. The detector (not shown) could be any of the microfabricated detectors mentioned in this paper. . Shows data from one subset (∼1000 DMMP-only training set) of a large (>20 000 analyses over 40 days) test for the evaluation of the stop-flow modulator and NEMS stability and determination of a FAR for DMMP and a set of interferants. The NEMS resonators and columns were run isothermally at 82 °C to minimize variation due to thermal cycling of the microfabricated columns. The vertical axis of the plot shown in Figure 9 is the run number in this subset, i.e. loop 14 corresponds to the 14th run of DMMP only. These loops were dispersed regularly throughout the entire 20 000 set (the other sets are described in the top right of Figure 8 . The horizontal axis of the plot shown in Figure 9 is the data point in an individual run with data collected at 1 kHz, i.e. sample number 10000 corresponds to the data point for the frequency of the resonator at 10 000 seconds into the run. The amplitude of the plot shown in Figure 9 corresponds to the amplitude of the data point in the loop number on the vertical axis and the sample number on the horizontal axis. Therefore, the vertical stripes at ∼2600, 2900, 3200, and 3500 ms correspond to peak apexes for CS2 and DMMP. The perpendicularity of the lines corresponds to the time stability of the microfabricated GC×GC modulator. The signal strength stability is denoted by the uniformity of the color of each stripe and the background. This signal stability corresponds to a convolution of several factors -the stability of the sensor response, the stability of the sample introduction method, and the stability of the sample concentration. Even with these confounding factors the sensor response appears very stable over the course of 40 days of continuous operation. Using an automated detection algorithm to identify the presence of DMMP or not for the 20,000 run data set with a probability of detection threshold >0.95 There were no empirical false detection events. Using a statistical extrapolation of the data using a gaussian fit of the response distributions and theoretical values of Pd and Pfa of 0.996 and 0.950 respectively, a probability of a false alarm for the interferents tested was 1.4x10 -12 which correlates to a FAR > 1 in 700 billion analysis.
CONCLUSIONS
The µChemLab™ programs at Sandia have had 20 years of success developing low-SWaP, highly sensitive CBRNE detection systems with very low false alarm rates through intelligent design, distributing the selectivity burden across all components, and microfabricated components. Sandia has worked to maintain the low FAR standards we have set in the past while broadening application space by new innovations and enhancing the performance of core components to increase the analytical power of the systems while maintaining and, for some applications, reducing the low SWaP of our past. A major thrust of the µChemLab™ program was system portability for field analysis of chemical, biological, radiological, nuclear and explosive (CBRNE) volatiles. This was accomplished through the miniaturization of one and two-dimensional gas chromatographs, preconcentrators, and detector components (IMS and PDHID). The system as configured currently is capable of meeting current and future challenges, covering the application spaces of both civilian and the military.
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